spin polarized quasiparticles from a FM to a SC through an insulator (I) in SC/I/FM hybrid oxide heterostructures have been explored with a view to combining spintronics and superconductivity, into the so-called super-spintronics [7] [8] [9] [10] [11] [12] . However, understanding the phenomenon of superconducting carriers tunneling into the FM and its effect on the magnetic state of the FM layer in SC/I/FM oxide heterostructure has largely remained elusive. It is well understood, for s-wave and d-wave superconductors in SC/FM systems, that the spin-singlet Cooper pairs (S = 0) have a limited coherence length even for a weak FM [1] , owing to the magnetic exchange interaction. The
Josephson coupling between SCs separated by a thick FM layer clearly suggests the possibility of superconducting order penetrating into strong FMs [13] [14] [15] [16] [17] . The long-range superconducting order at FM/SC interface was attributed to the presence of spin-triplet Cooper pairs (S = 1) at the interfaces, which are not as sensitive to the exchange field and largely depend on the existence of magnetic inhomogeneities, such as ferromagnetic domain walls or noncollinear magnetization at the interfaces Several intriguing interfacial phenomena have been reported for these SC/FM heterostructures [18] [19] [20] [21] [22] [23] [24] [25] [26] . However, there are mixed reports regarding the appearance of spin-triplet Cooper pairs in the YBCO/LCMO (or LSMO) systems [27] [28] [29] . Recently, Visani et al., [30] demonstrated long-range proximity effects between YBCO and LCMO due to the interference effects between a quasiparticle and electrons in the conductance spectra across the YBCO/LCMO interface and the correlation length was found to be as high as the thickness of the LCMO layer.
The key factor that has been established behind the observed long-range propagation of superconducting correlations into an half metal based FM/SC system is a conversion from spinsinglet to spin-triplet pairing near the interfaces [31, 32] . Introducing an insulator layer between the FM and SC is expected to hinder the propagation of long range superconducting correlations into the FM, unless there is tunneling of Cooper pairs through the insulator. Using polarized neutron reflectivity (PNR), we recently found strong magnetic modulation below the superconducting transition temperature (T SC ) in YBCO/SrTiO 3 (STO)/LCMO hybrid heterostructures grown on STO substrates [33] . While PNR results clearly indicated a magnetic modification at the interfaces, there was uncertainty involved because of the closeness of the magnetic transition temperature (T c ) of LCMO with the structural phase transition of STO [34, 35] in this system. Recently Paull et. al. [36] also confirmed the magnetic modulation in the YBCO/STO/LCMO heterostructure below T SC .
Here we report a drastic reduction in magnetization at the interface of a LSMO layer through an insulator (STO) in YBCO/STO/LSMO heterostructures grown on MgO single crystals, using depthsensitive PNR technique [33, [36] [37] [38] [39] [40] , below T SC . PNR showed a strong reduction in interface magnetization with a small negative magnetization (magnetization opposite to the applied field) in the LSMO layer over a thickness of ~ 30±5 Å, at the STO/LSMO interface in YBCO/STO/LSMO heterostructure below T SC . A suppression of the magnetization at STO/LSMO interface was also observed at 100 and 200 K (well above T SC ). PNR measurements, from similarly grown STO/LSMO bilayer also showed a reduction in the interfacial magnetization at 100 and 200 K, suggesting that the reduced magnetization above T SC at the STO/LSMO interface may be an intrinsic phenomenon.
However, depleted magnetic interface with small negative magnetization at STO/LSMO interface below T SC in YBCO/STO/LSMO heterostructures is solely dependent on superconductivity.
Experimental:
We grew a number of hybrid heterostructures by pulsed laser deposition on single crystal MgO substrates. In Table 1 An excimer laser (KrF, λ=248 nm, pulse width = 20 nm) was used to ablate high density targets of LSMO, YBCO and STO. The laser fluence was fixed at 3 J/cm 2 and an optimized pulse repetition rate of 2 Hz was used for the deposition under an oxygen partial pressure of 0.5 mbar. The film deposition was carried out at an optimized substrate temperature of 800 °C.
Magnetization measurements were performed using Quantum Design superconducting quantum interference device (SQUID) magnetometer MPMS5 under field cooled (FC) and zero field cooled (ZFC) conditions. The morphology and structural properties of the layers were separately investigated by scanning TEM and high-resolution TEM. The cross-sectional TEM specimens were prepared using conventional method by mechanical grinding followed by dimpling (down to below 20 μm) and low-energy (3 keV) and low-angle (4°) Ar-ion milling. Final cleaning was done by 1.2 keV Ar ion milling. TEM images were acquired using a FEI, Tecnai G2 F30, S-Twin microscope operating at 300 kV equipped with a Gatan Orius CCD camera. X-ray diffraction (XRD) and X-ray reflectivity (XRR) were carried out using Cu K α radiation in a rotating anode source. PNR experiments were performed on the POLREF reflectometer at the ISIS facility, RAL, UK.
The specular (angle of incidence = angle of reflection) reflectivity (R) was measured as a function of wave vector transfer, Q = 4π sinθ/λ (where, θ is angle of incidence and λ is the wavelength of the probe, i. e. x-ray/neutron). The reflectivity is qualitatively related to the Fourier transform of the scattering length density (SLD) depth profile ( ) [37] [38] [39] [40] , averaged over whole sample area. For XRR, ( ), is proportional to electron density [37] [38] [39] . For PNR, ( ) consists of nuclear SLD (NSLD) and magnetic SLD (MSLD) such that ± ( ) = ( ) ± ( ) = ( ) ± ( ), where C = 2.91×10 -9 Å -2 (emu/cc) -1 and M(z) is the magnetization (a moment density obtained in emu/cc) depth profile [39] . The +(-) sign denotes neutron beam polarization parallel (opposite) to the applied field and corresponds to respective reflectivities, R ± (Q). Thus, by measuring R + (Q) and R -(Q), ( ) and ( ) can be obtained separately. The reflectivities were calculated using the dynamical formalism of Parratt [41] , and parameters of the model were adjusted for the goodness of fit [42] .
Errors reported for parameters obtained from XRR measurements represent the perturbation of a parameter that increased goodness of fit corresponds to a 2σ error (95% confidence) [43] . The PNR data reported in this paper were taken in an applied in-plane magnetic field (H ext ) of 500 Oe at different temperatures upon warming the samples from the lowest temperature ~ 7 K, after the samples were cooled at the same field (~500 Oe) from 300 to 7 K.
Results and Discussion:
The x-ray diffraction (XRD) scans in log scale along the growth direction for YSL25, YSL50, YL and SL heterostructures are shown in Fig. 1(a) . A comparison of XRD data from these heterostructures ( Fig. 1(a) ) suggest ordered and strongly textured growth along (00l) directions.
Textured growths for these oxide heterostructures were also observed earlier while grown on STO substrates [33, 44] . The YBCO (002) diffraction peak shown in the inset to The depth dependent structure of these heterostructures has been studied using x-ray reflectivity (XRR) [37] [38] [39] [40] measurements. Fig. 2(a) shows the XRR data and corresponding fits (solid lines) from the YSL25, YSL50, YL and SL heterostructures and the corresponding electron scattering length density (ESLD) depth profile extracted from the XRR data are shown in Fig. 2(b-e) . The structural parameters (thickness, ESLD and roughness) obtained from XRR for different heterostructures are given in Table 2 . The FC data indicates that the LSMO layer has a Curie temperature just below 300 K (T C ≈ 290 K).
The ZFC data shows T SC ≈ 63 K for YSL25 and YL heterostructures, which is lower than the usual value of T SC of bulk YBCO (≈ 90 K).
To explore the depth profile of the magnetization across T SC , we have used the PNR technique, because of its depth sensitivity for ordered magnetism [37] [38] [39] [40] . A schematic of the PNR geometry is shown in the inset of Fig. 3(a) . The difference between R + and R -reflectivities contains information on the magnetic depth profile [37] [38] [39] [40] . Fig. 3(a) shows the PNR data and the fits for YSL25 at 300 K.
PNR data at 300 K from YSL25 indicate no ferromagnetism, as the difference R + -R -~ 0.0, which is consistent with the SQUID measurements ( Fig. 2(f) ). The NSLD depth profile at 300 K is shown in Fig. 3 (f) and the structural parameters obtained from PNR are also given in Table 2 which are attributed to strain, oxygen content, deposition conditions and charge discontinuity [45] [46] [47] . In order to account for these different magnetization behaviors of the LSMO layer on STO, we have considered several magnetization models to fit the PNR data for YSL25 at 100 K and shown in Fig. S3 (a-d) of Supplemental Material [48] . Different magnetic models ( Fig. S3 (e-h) of Supplemental
Material [48] ) are statistically compared for the quality of each fits using a goodness-of-fit parameter (χ 2 ) for the normalized spin asymmetry parameter [36] . We observed that the model of a reduced magnetization for the LSMO layer (thickness ~ 50 Å) at the STO/LSMO interface best describes the PNR data (we obtained the lowest χ 2 ~ 1.88 corresponding to this model). The magnetization of the interfacial LSMO layer increases on decreasing the temperature whilst above T SC . Remarkably, we To further understand and establish the conventional proximity effect at the YBCO/LSMO interface, we have studied the structure-magnetic correlation of a YBCO/LSMO bilayer on MgO substrate (YL heterostructure) across T SC. This heterostructure has also been characterized for structure (XRD) and macroscopic magnetization studies and showed high quality crystalline structure (Fig. 2) . PNR measurements for YL, under similar conditions as adopted for YSL25 and YSL50, were also carried out at different temperatures across T SC (Fig. 5(a-c) ) . NSLD and MSLD depth profile of the YL at different temperatures obtained from the fits to PNR data are shown in Fig. 5(df ). There are two distinctive features we observed in YL with respect to the trilayers. Firstly, we observed a uniform magnetization (Fig. 5(b) and (e)) for LSMO layer above T SC (100 K) and secondly we obtained a small negative magnetization (~ -35 emu/cc) over a much larger thickness (~ 60±7 Å) of LSMO layer at the YBCO/LSMO interface ( Fig. 5(c) and (f)) below T SC (10 K).
Magnetization change over a length scale of ~ 60 Å below T SC in the YL (proximity geometry)
further reinforces the possibility of long range Cooper pairs.
Having observed the reduction in magnetization of interfacial LSMO layer at STO/LSMO interface in YSL25 and YSL50, above T SC , the temperature dependent magnetization depth profile of the STO/LSMO interface without a SC layer will be another important question to address here. In this direction we studied a bilayer STO/LSMO (SL) heterostructure. Structural characterization (XRR and XRD data in Fig. 2 ) of SL sample confirms a high quality textured heterostructure. Temperature dependent PNR data clearly suggest that a reduced magnetization for interfacial LSMO layer of thickness ~ 48±6 Å, best describes the measurements. Different magnetization models, e.g. uniform magnetization throughout LSMO layer, enhanced and reduced magnetization at interfaces were also considered to fit the PNR data at 100 and 10 K and given in Fig. S6 in Supplemental
Material [48] . Comparison of the fits for different models clearly suggested that reduced magnetization model best describes the PNR data at different temperatures.
It is noted that the magnetization is reduced at the LSMO/STO interface in SL at both 200 and 100 K, which implies that the reduction in magnetization is due to the intrinsic property of LSMO/STO interface and not just due to the phase transition of STO near 110 K [34, 35] . To correlate the reduced magnetization at STO/LSMO interface with strain, we estimated the strain for the LSMO layer grown in different heterostructures on MgO substrate ( for LSMO films in present study is consistent with the T C (270 K-320 K) observed in different LSMO films [38, [45] [46] [47] . Lower T SC of YBCO film grown on MgO substrate were also reported earlier [50] and consistent with other hybrid heterostructures [25, 33, 44] . We believe that a lower value of T SC , T C and magnetic moment in these systems are important parameters contributing to the observed results, because these may well provide additional energies and length scales that must be considered in describing the competing SC and magnetic interactions [51] .
Negative magnetization in the SC layer in SC-FM-SC system was earlier ascribed to the inverse proximity effect [2] . A recent study on YBCO/STO/LSMO multilayer grown on STO substrates, using X-ray magnetic circular dichroism, also suggested an induced magnetization on the Cu sites and a reduction in the magnetization of Mn [44] . Such a transfer of magnetic moment from FM to SC is very small (~ -0.04 emu/cc for an applied field of 300 Oe) [33] , and below the detection limit of PNR. The inverse proximity effect for non oxide systems has been observed over a much wider length scale into the SC layer [52, 53] . Recently Mironov et al. [53] proposed a theory of long ranged electromagnetic proximity effect suggesting strong spread of magnetic field into SC from FM.
Our results show the direct proximity effect for YBCO/LSMO system and direct proximity effect [33, 36, 45] clearly generalize the observation of reduction of interfacial magnetization, which is driven by superconductivity in these oxide heterostructures. Conversion of magnetic depleted layer to ordered ferromagnetism for interfacial LCMO layer at low temperature in the YBCO/STO/LCMO heterostructure was earlier observed, however the high magnetic field applied to the heterostructure destroyed the superconducting properties of the system [36] .
Conclusion:
In summary, we have experimentally observed drastically reduced with small negative (Table S1) .
A base pressure of ~10 -6 mbar was achieved in the PLD chamber before every deposition. An excimer laser (KrF, λ=248 nm, pulse width = 20 nm) was used to ablate high density targets of LSMO, YBCO and STO. The laser fluence was fixed at 3 J/cm 2 and an optimized pulse repetition rate of 2 Hz was used for the deposition under an oxygen partial pressure of 0.5 mbar. The film deposition was carried out at an optimized substrate temperature of 800 °C and was followed by post deposition annealing for 60 minutes at 550 °C in 1000 mbar O 2 . The high degree of crystallinity of the heterostructures was ensured by the X-ray diffraction Table S2 . , is calculated and compared for different magnetic depth profiles. Different magnetic models considered in this paper are statistically compared for quality of each fits using 4 :
where ( ) and ℎ ( ) are the NSA data points and NSA for fitted model at momentum transfer Q i, respectively. The smaller is the χ 2 , the better the fit.
Thus, the χ 2 values corresponding to each MSLD model, where we have compared different models, is given in different reflectivity plots.
PNR from YSL25 heterostructure:
Given the mixed reports for magnetization modulation for STO/LSMO (LSMO on STO) 
YBCO STO
Comparison of magnetization models e.g. positive, zero and negative magnetization of interface LSMO layer of thickness ~ 30 Å with fit to PNR data at 10 K from YSL25 heterostructure are shown in Fig S4 (a), (b) and (c). We found lowest χ 2 (~1.9) as compared to that of positive (χ 2 ~3.5) and zero (χ 2 ~2.7) magnetization models. Thus larger χ 2 value for the magnetization model with positive and zero magnetization at STO/LSMO interface ( Fig. S4(d) and (e)) suggesting that negative magnetization model (Fig. S4 (f) ) at STO/LSMO interface in YSL heterostructure better fitted the PNR data at 10 K.
A comparison of reflectivity data as a ratio of R + (10K)/R + (100K) and R -(10K)/R -(100K) are shown in Fig. S5 (a) and (b) respectively. Fig. S5(c) shows the comparison of MSDL depth profiles at 100 and 10 K which best fitted the data. Reduced magnetization at STO/LSMO interface was further verified by measuring PNR data on similarly grown STO/LSMO bilayer (SL) on MgO substrate. Fig. S6 shows the PNR results from SL at 100 K (Fig. S6 (a-c) ) and 10 K (Fig. S6 (d-f) 
